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Abstract:We explore a singlet Majorana fermion dark matter candidate using an effective
field theory (EFT) framework, respecting the relations imposed by the standard model
SU(3)C × SU(2)L × U(1)Y gauge invariance among different couplings. All operators of
dimension-5 and dimension-6, forming a complete basis, are taken into account at the
same time, keeping in view ultraviolet completions which can give rise to more than one
operator at a time. If in addition CP-conservation is assumed, the remaining parameter
space, where an EFT description is valid, is found to be rather restricted after imposing
constraints from relic abundance, direct, indirect and collider searches. On including the
CP-violating dimension-5 operator, (χiγ5χ)(H
†H), a significantly larger parameter space
opens up. We use the profile likelihood method to map out the remaining landscape of such
a DM scenario. The reach of future searches using ton-scale direct detection experiments,
an e+e− collider like the proposed ILC and limits from future gamma-ray observations are
also estimated.
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1 Introduction
The evidence for non-baryonic dark matter (DM), which makes up more than 80% of the
matter content in the Universe, is still entirely from its gravitational interactions and there
is no convincing evidence so far of any couplings of the DM particle with the standard model
(SM) sector [1–3]. Dedicated efforts for more than a decade in underground DM direct
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detection experiments as well as the search for DM pair-annihilation products in gamma
rays, antiparticles and neutrinos have now considerably restricted the possible strength of
such couplings. In fact, the dual requirements of obtaining a thermal relic abundance as
required by the WMAP and Planck measurements, and a low enough spin-independent (SI)
scattering rate with nuclei to be consistent with the impressive bounds from experiments
like XENON100 and LUX, have cornered several possible models for particle DM.
From the theoretical viewpoint there are two possible roadmaps to explore weakly in-
teracting massive particles (WIMP). One is to adopt a beyond SM (BSM) scenario which is
motivated by some other particle physics considerations (for e.g., the naturalness problem
of the electroweak scale) and can furnish a viable DM candidate. The most well-known
example in this class is the lightest neutralino in the R-parity conserving minimal super-
symmetric extension of the SM. The alternative possibility is to study DM interactions
with the SM sector in an effective field theory (EFT) set-up.1 Needless to say, these two
approaches are not completely independent. If only the DM particle is much lighter than
the other new states in the model, at energies below the mass scale of the heavier states, any
such BSM scenario is amenable to an EFT description. In this paper, we shall focus on the
latter approach. To begin our discussion of an EFT for the DM particle, we first need to fix
its spin and its quantum numbers under the SM gauge group of SU(3)C×SU(2)L×U(1)Y.
We take the DM to be a spin-1/2 Majorana fermion, and a singlet under the SM gauge
interactions.
The low-energy EFT of Majorana fermion DM has been studied on several occasions in
the context of direct, indirect and collider experiments [5–29]. The purpose of this paper
is to improve upon the previous studies, update them in the light of recent data in all
frontiers, and to perform a complete profile likelihood analysis of the EFT to determine
its currently allowed parameter space. The directions in which our study goes beyond the
previous approaches to the problem are the following:
1. We consider all operators of dimension-5 and dimension-6 allowed by the symmetries
of the theory at the same time in our analysis. Not only is this justified in the
spirit of an EFT, generically UV completions can lead to the presence of more than
one operator at a time in the low energy effective theory. Therefore, we work with
a complete basis of all dimension-5 and dimension-6 operators. As is well-known,
often there are redundancies among different higher dimensional operators which are
related by the equations of motion (EOM). We have enumerated such operators as
well, and have demonstrated how they can be eliminated with the help of the EOM.
2. A consequence of the above consideration is that given the DM mass, the relic density
(Ωh2) requirement does not fix the co-efficient of an operator, neither does the Ωh2 <
0.1 condition put a lower bound on the same. All operators contribute additively to
the annihilation cross-section at freeze-out, modulo interference effects which can
1In this study, an EFT is described by all the renormalizable and a complete set of higher-dimensional
operators (upto a given dimension) respecting the symmetries of the SM, with arbitrary low-energy co-
efficients. This does not include matching to ultraviolet complete theories or running of the operator
coefficients as in the original considerations of EFT’s [4].
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be negative. These interference effects are entirely missed if we only consider one
operator at a time.
3. We write down the effective Lagrangian by respecting the SM gauge invariance under
SU(3)C×SU(2)L×U(1)Y. As a result, the relations between different DM couplings,
as implied by the SM gauge invariance are taken into account.
4. A complete likelihood analysis is performed by including the requirements of relic den-
sity (from Planck [30]), direct detection (the recent LUX [31] and XENON100 [32]
results), indirect detection (Fermi-LAT dwarf spheroidal observations [33] and Ice-
Cube [34] limits) and collider (Z-boson invisible width [35] and monophoton search
limits from LEP [36, 37] and Higgs invisible width and monojet + missing energy
search limits from LHC [38]). We also properly take into account the uncertainties
coming from each of these measurements in our likelihood.
The remaining sections of the paper are organized as follows. In section 2, we describe
the basis of dimension-5 and 6 operators considered by us, electroweak symmetry breaking
(EWSB) effects and the range of validity of the EFT calculations. The experimental
constraints from direct, indirect and collider searches are detailed in section 3, which also
contains specifics about the construction of the likelihood function including the treatment
of uncertainties. Section 4 is devoted to the role of individual operators in determining
the thermal component of the DM relic abundance. Our results in the CP-conserving
scenario are discussed in section 5, followed by the prospects of future experiments. The
case including the CP-violating dimension-5 operator is discussed in section 6. Section 7
summarizes our findings. Finally, the construction of the likelihood function for direct
detection experiments, and the validation of the LHC monojet simulation framework can
be found in appendices A and B respectively.
2 The effective field theory framework
In this section, we describe our EFT framework, in which the low-energy degrees of freedom
consist of the SM particles and the Majorana fermion DM field χ. All interactions of the DM
field with the SM sector are encoded by higher-dimensional operators, with a suppression
scale Λ, which is the mass scale of the heavy fields integrated out to obtain the following
low-energy Lagrangian:
L = LSM + 1
2
χ(i∂/ −Mχ)χ+ L5 + L6 + L≥7 , (2.1)
where, LSM is the renormalizable SM Lagrangian and Ln represents higher-dimensional
operators of dimension-n. In this study, we focus on the dimension-5 and dimension-6
operators only. In order to ensure the stability of the DM particle, we need to impose a
Z2 symmetry, under which the DM field is odd, and the SM fields are even. Therefore,
any interaction term involving χ has to be at least bilinear in this field. Since this bilinear
itself has a mass dimension of 3, the lowest dimension gauge-invariant operators that can
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be written down involving the interaction of a Majorana fermion DM and the SM sector
are of dimension-5 and involve the Higgs doublet bilinear H†H:
L5 = LCPC5 + LCPV5 , (2.2)
where, the CP-conserving operator is
LCPC5 =
gS
Λ
χχH†H (2.3)
and the CP-violating one is given by
LCPV5 =
gPS
Λ
χiγ5χH
†H . (2.4)
As mentioned in the introduction, we shall first consider the CP-conserving case, and
hence drop LCPV5 from the dimension-5 Lagrangian. Subsequently, we shall discuss the
consequences of adding the CP-violating operator.
After electroweak symmetry breaking, both the operators in eqs. (2.3) and (2.4) lead
to additional mass terms for the DM field. Moreover, the mass term coming from LCPV5 is
purely imaginary. As a result, we obtain a complex mass for the DM field:
Lm = −1
2
χ
(
Mχ +
gSv
2
Λ
+ i
gPSv
2
Λ
γ5
)
χ . (2.5)
However, one can perform the following chiral rotation of the DM field to make the mass
term real and positive:2
χ→ e−iθγ5/2χ , (2.6)
where,
tan θ =
gPSv
2
MχΛ + gSv2
. (2.7)
Such a field redefinition keeps the kinetic as well as the dimension-6 current-current inter-
actions of the same form, but can of course mix the scalar and pseudo-scalar interactions
once CP-violation is allowed. However, since we keep both the co-efficients gS and gPS
arbitrary, such an operator mixing is taken into account. Similarly, in our subsequent
analysis, the DM mass is taken as a free parameter, mχ, as the bare mass term Mχ is also
a priori arbitrary.
The complete set of SU(3)C × SU(2)L × U(1)Y invariant dimension-6 four-fermion
operators are the following:
L4-Fermi6 =
1
Λ2
(χγµγ5χ)×
3∑
i=1
(
gLQQiLγ
µQiL + gRuu
i
Rγ
µuiR + gRdd
i
Rγ
µdiR
+ gLℓℓ
i
Lγ
µℓiL + gRee
i
Rγ
µeiR
)
, (2.8)
where, the sum over i runs over the three generations, and we have assumed flavour-blind
couplings to the SM fermions with the same gauge and global quantum numbers. QiL, u
i
R,
2
Note added. While this manuscript was in preparation, similar observations were made in ref. [21].
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diR, ℓ
i
L and e
i
R represent the left-handed (LH) quark doublet, right-handed (RH) up-type
quark, RH down-type quark, LH lepton doublet and RH lepton fields respectively (the RH
fields are singlets under SU(2)L). At dimension-6, there is an additional operator involving
the derivative of the Higgs field [20, 22]
LHiggs6 =
gD
Λ2
(χγµγ5χ)(H
†iDµH) + h.c. (2.9)
After EWSB, apart from the χχhhZ and χχhZ couplings, LHiggs6 leads to the following
3-point interaction of χ with the Z-boson:
LχχZ = gDgv
2
2 cos θWΛ2
(χγµγ5χ)Z
µ, (2.10)
where, g is the SU(2)L gauge coupling, θW is the Weinberg angle, and v = 246GeV is the
vacuum expectation value of the Higgs field. This term plays a crucial role in determining
the low DM mass region in the mχ–Λ plane that satisfies the relic abundance requirement.
For a Majorana fermion DM, the vector current (χγµχ) and dipole moments (χσµνχ,
χσµνγ5χ) vanish identically. While the so-called anapole moment term can exist [23, 24],
this operator can be written as a linear combination of the four-fermion operators in
eq. (2.8), by using the EOM of the gauge field (in this case, the photon field Fµν) as
follows:
LAnapole = (χγµγ5χ)∂νFµν (2.11)
= (χγµγ5χ)
∑
f
Qf
(
fLγ
µfL + fRγ
µfR
)
, (2.12)
where, Qf is the electric charge of f . Similarly, any operator involving the derivative of
the DM field can be eliminated using the EOM of the DM field, which deviates from a
free-field equation only with terms proportional to Λ−1 or lower.
Since we include only terms upto dimension-6 in the EFT, there is an implicit assump-
tion that all operators are suppressed by a similar scale Λ, and therefore the contribution
of dimension-7 terms in DM phenomenology is sub-leading. For the dimension-7 terms
involving the SM fermions, for e.g., (χχ)(QLHdR) this then readily justifies dropping
these operators, since the dimension-6 operators in eq. (2.8) as well as the Higgs-exchange-
induced Yukawa couplings via the scalar operator in eq. (2.3) should lead to much stronger
interactions with the SM fermions. Although we also drop the dimension-7 couplings with
the gauge field strength tensors Gaµν , namely, χχG
a
µνG
aµν (here the gauge field may belong
to any of the SM gauge groups), the effective DM coupling to gluons via heavy quark
loops is taken into account while considering the spin-independent direct detection rates.
Apart from this case, the effect of these couplings is expected to be much smaller than
the dimension-5 and 6 terms, since not only are they suppressed by 1/Λ3, the coupling
constant is also of the order of 1/16π2, since the DM particle being a gauge singlet, can
couple to gauge boson pairs only via loop diagrams.
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Generically, an EFT description is valid as long as Λ ≫ mχ, and therefore, it is
justified to integrate out the heavy fields with mass of the order of Λ.3 However, in order
to get a concrete idea about the minimum value of Λ to be considered while computing
DM observables, let us take the example of a heavy particle X (scalar or vector) which
can mediate in the s-channel annihilation of a DM-pair to a pair of SM particles. An
EFT description in this case boils down to replacing by a constant mass scale the product
of couplings of X to the DM-pair (gDMX ) and to the SM-pair (g
SM
X ), and its propagator
denominator:
gDMX g
SM
X
s−m2X
→ −g
DM
X g
SM
X
m2X
(
1 +
s
m2X
+O
(
s
m2X
)2)
. (2.13)
In an weakly coupled underlying theory, gDMX ∼ gSMX ∼ O(1), and henceforth we shall
assume this to be the case. Therefore, when matching the UV theory to the EFT, we
obtain the relation Λ = mX for g
DM
X × gSMX = 1. Now, consider the pair annihilation rate
of χ in the early universe, which is relevant for determining its current abundance. In this
case, if v is the relative velocity between the DM particles, then the centre of mass energy
squared is given by
s = 4m2χ +m
2
χv
2 +O(v4) . (2.14)
Therefore, the 2nd term in the propagator expansion in eq. (2.13) now reads
−s
m4X
≃ −4m
2
χ
m4X
− m
2
χv
2
m4X
. (2.15)
Ignoring the v2 piece (which is smaller than the leading term by a factor of ∼ 0.025), and
comparing this term to the leading term of −1/m2X , we observe that if we assume the
minimal requirement of not producing X on-shell in a process, i.e., mX > 2mχ, then the
2nd term in the expansion in eq. (2.13) is also of the order of −1/m2X , which is the same
as the leading term. Therefore, in such a case, mX > 2mχ is a very poor approximation of
the full theory. If on the other hand, we assume mX > 10mχ, the 2nd term in eq. (2.13)
can at most be −1/(25m2X), and hence it contributes only 4% of the leading term (at the
amplitude level). Therefore, at the level of cross-sections, the error will be less than 8%.
With such considerations, we find it justified to consider Λ ∼ mX > 10mχ. There can
be modifications to this argument if the underlying theory is not weakly coupled or we
have a heavy particle mediating in the t-channel etc. Keeping such modifications in mind,
while presenting our results, we have separately indicated the regions where Λ > 10mχ and
where 2mχ < Λ < 10mχ.
Apart from the computation of relic density, a careful choice of the scale Λ is also
necessary for the high-energy collider experiments like LEP and LHC, in order for the
EFT to be a valid description. We shall discuss the choice of such scales in section 3.
For the direct detection experiments, the momentum transfer in the relevant processes is
3We adopt the following definitions for the scale Λ and the Wilson coefficients for the higher-dimensional
operators, gi. Λ is assumed to be equal to the mass of the lightest state in the heavy particle sector that
is integrated out. Furthermore, if we assume all couplings in the UV completion to be |gUV| < 1, then it
follows that |gi| < 1.
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in the MeV scale. Therefore, they do not lead to any further constraint on the region of
validity for the EFT. Finally, as far as the indirect detection experiments are concerned,
the conditions should be similar to the ones obtained above for the annihilation processes
in the early universe. The only difference between DM-pair annihilation rates (σv) in the
early and the present universe is the DM relative velocity v, which was already a small
effect in our estimates above for the early universe.
3 Experimental constraints and the likelihood function
In this section, we provide the details of the experimental constraints employed in our anal-
ysis: originating from cosmological, astrophysical, laboratory- and collider-based searches.
We also briefly describe the profile-likelihood method used in our study and the various
uncertainties in the observables that enter into the likelihood.
3.1 Profile likelihood method
In this study, we employ the profile-likelihood (PL) approach [39] to explore high proba-
bility regions of the multi-dimensional EFT parameter space. PL is a statistical method
motivated in parts by both the Bayesian and the frequentist approaches. It treats the
unwanted parameters as nuisance parameters as in the Bayesian theory. However, unlike
in a Bayesian approach, in which one marginalizes over all unwanted parameters, the PL
method takes the frequentist’s concept of maximizing the likelihood along the directions
one is profiling over. In other words, if a model has an n-dimensional parameter space, and
we are only interested in p of those dimensions, then the PL is obtained by maximizing the
likelihood over the (n − p) dimensions we are not interested in. Therefore, unlike in the
marginal posterior in Bayesian theory, the prior does not contribute to the PL. However,
it is very difficult to cover the full multi-dimensional parameter space with finite samples
in a numerical scan. Thanks to the advantage of prior-independence, it is nevertheless pos-
sible to combine several fine-grained scans focused on particular regions of the parameter
space. For example, even though in a region like mW < mχ < mt, the DM particle χ
can achieve the required relic density via its pair-annihilation to the W+W− final state,
this solution spans only a small volume in the whole hyperspace. A focused scan of such
regions, therefore, becomes a necessity.
Our results will be primarily described in the relevant set of two-dimensional parameter
regions which are in best agreement with all current experimental data, an example being
the (mχ,Λ) space in 68% (1σ) and 95% (2σ) confidence intervals. After profiling over the
rest of the parameters, one can write down confidence intervals in the (mχ,Λ) plane as an
integral of the likelihood function L(mχ,Λ)∫
R L(mχ,Λ)dmχdΛ
normalization
= ̺ , (3.1)
where, the normalization in the denominator is the total probability with R → ∞ and
R is the smallest area bound with a fraction ̺ of the total probability. If the likelihood
can be modelled as a pure Gaussian distribution, the 68% (95%) confidence intervals in a
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Measurement Central value Error (1σ) Distribution Ref.
Relic density 0.1199 0.0027 Gaussian [30]
BR(h→ invisible) 0.0 24%
1.64
Gaussian [59]
Γ(Z → invisible) (MeV) 0.0 2.0
1.64
Gaussian [35]
XENON100 σSDn (2012) appendix A appendix A Gaussian+Poisson [32]
LUX σSIp (2013) appendix A appendix A Gaussian [31]
Monojet (CMS, 8TeV, 19.5 fb−1) appendix B appendix B Gaussian+Poisson [38]
Mono-photon (LEP, 650 pb−1) section 3.5.2 section 3.5.2 Gaussian+Poisson [36, 37]
Fermi dSphs (5-yrs) ref. [55] ref. [55] Gaussian+Poisson [33]
IceCube-79 section 3.4.2 section 3.4.2 hard cut [34]
Table 1. The experimental constraints employed in our analysis, along with their central values,
1σ experimental uncertainties, and functional form of the likelihood functions. The details of most
of the constraints are provided in the relevant sections referred to above.
two dimensional parameter space corresponds to −2 ln(L/Lmax) = 2.30 (5.99), where Lmax
is the maximum value of the likelihood in the region R. Hereafter, for convenience, we
introduce the variable χ2 = −2 ln(L). We note that χ2 is not exactly the same as in the
usual chi-squared analysis unless the likelihood is described by a pure Gaussian.
The experimental constraints employed in our analysis, along with their central values,
1σ experimental uncertainties, and functional form of the likelihood functions are shown
in table 1. The details of most of the constraints and their likelihoods are provided in the
relevant sections referred to in the table. Our numerical scan of the parameters in the EFT
span the following ranges:
10GeV ≤ mχ ≤ 5TeV
2mχ ≤ Λ ≤ 100TeV
−1 ≤ gi ≤ 1 . (3.2)
We use a flat prior for all the operator co-efficients in the range |gi| < 1. For mχ and Λ,
we combine both flat and log priors to obtain a maximal coverage of the whole parameter
space. As mentioned earlier, the co-efficients of the effective operators are taken to be
|gi| < 1 , since we assume an weakly coupled UV completion to the EFT.
3.2 Relic abundance
From the relative heights of the acoustic peaks in the cosmic microwave background, the
Planck experiment has measured the cold dark matter density to an accuracy of 3% [30]:
Ωch
2 = 0.1196± 0.0031 (68%C.L.,Planck) . (3.3)
If in addition, the WMAP polarization (WP) data at low multipoles is included, the above
number on the 1σ error changes slightly:
Ωch
2 = 0.1199± 0.0027 (68%C.L.,Planck +WP) . (3.4)
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Although the difference between the two is not very significant, for definiteness, we use
the value in eq. (3.4) in our analysis. The likelihood function is taken as a Gaussian, and
apart from the experimental error bar quoted above, an additional theoretical uncertainty
of 10% in the computation of Ωχh
2 has been assumed. The above number on the relic
abundance is taken only as an upper bound, i.e., we demand Ωχh
2 ≤ Ωch2, such that the
DM candidate χ does not overclose the universe. However, we do not assume the existence
of some other DM candidate making up for rest of the required relic abundance. Therefore,
if for a parameter point Ωχh
2 < Ωch
2 as computed within the EFT, then a non-thermal
production of χ should give rise to the additional required DM density. Such a non-thermal
mechanism is not described by the EFT, but can exist in the UV completion. For example,
in a supersymmetric theory, the late-time decay of gravitinos or moduli fields can produce
a neutralino DM. Since such a gravitino or moduli field interacts very feebly with the DM
field, it does not affect the DM phenomenology otherwise. To summarize, even though we
accept parameter points which satisfy Ωχh
2 ≤ Ωch2, the DM particle χ is assumed to have
the relic density of Ωch
2 in the present universe, produced with a combination of thermal
and non-thermal mechanisms.
The relic density,4 as well as all other observables in DM experiments have been com-
puted using the code micrOMEGAs [40–43] with the input model files for CalcHEP [44]
generated using FeynRules [45, 46]. However, in many cases, we replace the default pa-
rameters used in micrOmegas for astrophysical and nuclear physics inputs as described in
the following subsections.
3.3 Spin-independent and spin-dependent scattering with nuclei
In the non-relativistic limit, relevant for spin-independent (SI) DM scattering with nuclei,
the only Majorana DM bilinear that plays a role is the scalar one, χχ. The pseudo-scalar
bilinear χγ5χ in LCPV5 vanishes in the zero DM velocity limit, while the axial vector current
χγµγ5χ leads to spin-dependent (SD) scattering. Therefore, only the scalar operator LCPC5
is constrained by the SI scattering limits and the four-fermion interactions with SM quarks
as well as the DM interaction with the Z-boson are constrained by the SD limits. For the
recent-most bounds on these scattering cross-sections, we have used data from the LUX
experiment [31] (for SI) and the XENON100 experiment (for SD) [32].
The event rate in direct detection experiments suffers from uncertainties coming from
astrophysical and nuclear physics inputs. The astrophysical uncertainties originate from
our lack of precise knowledge of the DM local density (ρ⊙) as well as its velocity distribution
in the rest frame of the detector, f(~v+~vE), where ~v denotes the DM velocity in the galactic
rest frame, and ~vE represents the motion of the earth with respect to the galactic frame.
At present, the experimental collaborations present their limits on SI and SD cross-sections
by fixing the astrophysical inputs to specific values, and by assuming f(~v + ~vE) to be a
truncated Maxwell-Boltzmann distribution, with two additional parameters, the velocity
dispersion
√
〈v2〉 and the galactic escape velocity vesc. In order to take into account
4While solving the Boltzmann equation for computing the DM relic density, we assume as initial condition
an equilibrium thermal abundance of the DM particle.
– 9 –
J
H
E
P
1
0
(
2
0
1
4
)
1
5
5
Hadronic nuisance parameters
ΣπN 41± 6MeV [49]
fTs 0.043± 0.011 [50]
∆un −0.319± 0.066 [51]
∆dn 0.787± 0.158 [51]
∆sn −0.020± 0.011 [51]
Table 2. Nuclear physics inputs, used in this study for computing SI and SD DM scattering rates
with nuclei, as determined by latest lattice simulations.
the uncertainties of all the astrophysical parameters, we adopt the method developed in
ref. [47]. Given a choice of the DM density profile in the halo ρχ(r), and a mass model
for the Milky Way, Eddington’s inversion formula [48] is used in ref. [47] to determine the
phase-space density function ρχ(r)f(~v, t). The two primary assumptions in this approach
are that the DM particle χ makes up the entire DM component of the Universe, and that
the DM distribution is spherically symmetric. We adopt the phase-space density factor
and its associated 2σ error bars as computed in ref. [47], to which we refer the reader for
further details.5 The Burkert profile is chosen for ρχ(r), which tends to give a slightly
larger velocity dispersion compared to the NFW and Einasto profiles [47].
The nuclear physics uncertainties in SI and SD scattering rates stem from the cor-
responding nuclear matrix elements 〈N |q¯q|N〉 and 〈N |q¯γµγ5q|N〉 respectively. Recent
progress in lattice QCD calculations predict a rather small value for the strange quark
content of the nucleon, fTs, and the results from different lattice simulation groups seem
to have converged on this fact. Similarly, the pion-nucleon sigma term ΣπN , entering the
SI rates along with fTs, has also been determined by lattice calculations rather precisely.
For SD scattering rates, the nuclear physics inputs are encoded by ∆qn (q = u, d, s), which
gives the fraction of spin due to each quark in the neutron (the corresponding numbers for
proton are related by isospin rotation). The values of these nuclear physics inputs used in
our calculations, along with their uncertainties, are listed in table 2.
For further details on the construction of the likelihood function for LUX (SI) and
XENON100 (SD), we refer the reader to appendix A.
3.4 DM annihilation in the present universe
Pair annihilation of DM particles in the present universe can lead to several SM final states.
In our analysis, we include constraints from gamma ray and neutrino searches. Since
the constraints obtained from the observation of gamma rays originating at Milky Way
satellite galaxies are more robust than those obtained from Galactic Centre observations,
we consider only the former.6
5The required data files are provided by the authors of ref. [47] in an electronic format in
http://arxiv.org/src/1111.3556v2/anc.
6For a recent discussion of constraints coming from the Galactic Centre observations, see, for example,
ref. [52]. However, these constraints become weaker compared to the dSphs ones, if one adopts a more
cored profile for the DM halo, an example being the Burkert profile [53].
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In this connection, it should be mentioned that DM pair annihilations can also lead to
positron and anti-proton signals. However, astrophysical positron backgrounds are not yet
known precisely enough to use them as robust constraints. As for anti-protons, although
constraints can be obtained, but they depend strongly on the used propagation model for
anti-protons under the galactic magnetic fields. Since we want to determine as robust a
limit on the parameter space as possible, even though relevant in certain cases, we abstain
from using the positron and anti-proton data in this study.
3.4.1 Gamma ray observations
In the EFT setup considered here, the gamma ray line signal can either appear from
loop-level processes involving SM fermions, or from dimension-7 operators which are sup-
pressed for reasons explained in section 2. Therefore, as far as indirect detection signals
are concerned, the continuum gamma ray observations can put constraints on our scenario,
although the scalar and axial-vector DM currents lead to annihilation rates in the present
Universe which are p-wave suppressed. Hence the gamma ray observations are mostly
relevant for the pseudo-scalar operator in our EFT setup.
We use the constraints obtained by Fermi Large Area Telescope (Fermi-LAT) observa-
tion of diffuse gamma rays from the milky way satellite galaxies (dwarf spheroidal galaxies
(dSphs)) [33] by including the eight classical dSphs in our analysis, since the dark matter
distribution in the classical dSphs is measured with a higher accuracy from the velocity
dispersion of the luminous matter [54]. We combine the 273 weeks’ Fermi-LAT data (from
2008-08-04 to 2013-10-27) using the Pass-7 photon selection criterion, as implemented in
the Fermi Tools. The J-factors for the dSphs included are taken from table I in ref. [33],
where we have used the numbers corresponding to the NFW profile. If instead the Burkert
profile is used, the central values of the J-factors are very similar, while the uncertainty
bands in NFW are slightly wider. Our method for combining the likelihood function cor-
responding to different energy bins is the same as that used in the original Fermi-LAT
analysis. However, we predetermine, in a model independent manner, the likelihood map
in the residual flux-energy plane, by combining the data for the eight classical dSphs.
Here, the residual flux refers to the background subtracted gamma ray flux, scaled by the
J-factor. For details on the statistical analysis, we refer the reader to ref. [55].7 We include
data in the whole energy range as observed by Fermi, namely, 200MeV to 500GeV. In the
dSphs likelihood function used by us, the J-factor uncertainty is modelled by a Gaussian
function, while the statistical uncertainty in the number of observed photons is modelled
by a Poission distribution, with parameters as given in ref. [55].
3.4.2 Neutrino telescopes
The IceCube neutrino telescope has been looking for muon neutrinos originating from DM
annihilations in the Sun. The 317 days’ data collected with the 79-string IceCube detector
(including the DeepCore subarray) during the period June 2010 to May 2011 is found to be
7We thank Qiang Yuan for providing us the likelihood map using the 273 weeks’ data, and Xiaoyuan
Huang for careful cross-checks.
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consistent with the expected atmospheric backgrounds [34], and therefore leads to bounds
on DM annihilation rates in the Sun to final states involving neutrinos. Assuming that
the DM capture and annihilation rates in the Sun are in equilibrium, these bounds can
then be translated to limits on SI and SD scattering cross-sections of the DM particles
with proton (σSDp−χ). While for SI scattering rates the XENON100 and LUX constraints are
much stronger, for σSDp−χ scattering with mχ > 35GeV, the IceCube limits are stringent and
competitive with ground-based experiments. We should remark here that, due to the higher
spin expectation value of the neutron group compared to the proton group in XENON
nuclei, the bounds on σSDn−χ from XENON100 is stronger than the bound on σ
SD
p−χ. This is
the reason the IceCube limits on σSDp−χ are important even after including the XENON100
limits on SD scattering rates, since in the EFT, the σSDp−χ can be enhanced compared to
σSDn−χ in certain regions of the parameter space (for example, with |gLQ−gRu| > |gLQ−gRd|).
As is well-known, the energy spectrum of neutrinos produced from the annihilation
channel χχ → W+W− (or, χχ → τ+τ− for mχ < MW ) is harder than that produced
from the channel χχ→ bb¯. Hence, the former leads to stronger bounds on σSDp−χ, assuming
a 100% annihilation to either of the channels. Since the limit from the bb¯ channel is the
weakest, any parameter point in the EFT, with any branching ratio to the bb¯ final state,
has to at least satisfy this limit. Therefore, in our analysis, we reject parameter points
which lead to σSDp−χ higher than the 95%C.L. IceCube bound as obtained assuming the bb¯
mode of DM annihilation.
3.5 Collider search: LEP
3.5.1 Z -boson invisible width
For mχ < MZ/2, the interaction term in eq. (2.10) will lead to the invisible decay Z → χχ.
The decay width of the Z-boson has been precisely measured at the LEP experiment, and
apart from the width originating from Z → νν¯, the 95%C.L. upper bound on the invisible
width of the Z-boson is given by [35]
ΓZinv < 2MeV (95%C.L., LEP) . (3.5)
This, therefore, acts as a powerful constraint on the dimension-6 operator in eq. (2.9) for
a light DM. The likelihood function is taken as a Gaussian with parameters as shown in
table 1.
3.5.2 Mono-photon search
Single photon events were looked for at the LEP collider to search for signatures of graviton
production, the null results of which leads to bounds on the radiative process e+e− →
χχγ. In this paper, we use the limits from the DELPHI collaboration obtained using the
650 pb−1 of LEP2 data with centre of mass energy in the range 180–209GeV [36, 37]. We
compute the relevant cross-sections using MadGraph5 [56], with the model files generated
using FeynRules [45, 46], and use our own detector simulation code to model the DELPHI
detector response. The DELPHI results on the dominant SM background process e+e− →
νℓνℓγ are reproduced by our Monte Carlo (MC) simulation to a reasonably good accuracy,
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which is then used to compute the signal predictions in the EFT framework. The LEP data
in the monophoton channel affects the DM couplings to the Z-boson and to the charged
leptons, (i.e., the couplings gD, gLL and gRE ). The likelihood function is a convolution
of Poission and Gaussian distributions, and is of the same form as the LHC monojet
search likelihood described in appendix B (eq. (B.1)). The expected number of background
events as well as the observed number of events after the cuts are taken from the DELPHI
results [36, 37].
Since we impose the condition Λ > 10mχ from relic density considerations, we have,
for
√
s = 200GeV, Λ >
√
s, as long as mχ > 20GeV. For DM mass in the range 10–
20GeV, the EFT results can overestimate the production cross-section, and bounds on
Λ < 200GeV may not be valid. However, we estimated the expected cross-sections using
s- and t-channel exchange of a mediator of mass M as well, and compared those to the
predictions of the EFT with a scale Λ ∼M . Even on taking this cross-section overestimate
into account, for low mass DM in the window of 10GeV < mχ < 20GeV, due to very
large production rates, the corresponding UV completions with s- and t-channel mediator
exchange should be excluded as well.
3.6 Collider search: LHC
3.6.1 Higgs boson invisible width
The properties of the Higgs-like boson have now been measured by the ATLAS and CMS
experiments in different search channels with varying degrees of accuracy [57, 58]. Although
the direct search for a Higgs boson decaying invisibly is not yet very sensitive, global fits to
the Higgs data, assuming that the production cross-sections and partial decay width of the
Higgs in all other channels are the same as in the SM, lead to the following upper bound
on the Higgs boson invisible branching ratio [59]
BR(h→ χχ) = Γ(h→ χχ)
Γh
SM
Total + Γ(h→ χχ)
< 0.24 (95%C.L., LHC) (3.6)
We have used Γh
SM
Total = 4.21MeV for mh = 126.0GeV in our numerical analysis. The Higgs
invisible search constraints the CP-even and -odd scalar operators considerably, in the DM
mass range in which the decay mode is kinematically allowed.
3.6.2 Monojet plus missing energy search
The ATLAS and CMS collaborations have searched for events with at least one energetic
jet and missing transverse momentum (ET/ ) in the 7 and 8TeV LHC data. In pp collisions,
DM can be pair produced if it has effective interactions with quarks and gluons. Since the
DM particles themselves are invisible, the events are triggered by the presence of at least
one hadronic jet, against which the DM pair recoils, giving rise to the ET/ in the events. In
this paper, we adopt the CMS analysis with 19.5 fb−1 of data collected at the 8TeV centre
of mass energy [38].
The operator basis constrained by CMS is not written in an SU(2)L×U(1)Y invariant
form, and therefore differs from ours. Moreover, as discussed before, we consider the
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presence of all operators at the same time. This requires us to perform the Monte Carlo
(MC) analysis following CMS within our EFT framework. In order to validate our MC,
we first reproduce the CMS results, and compare the 95%C.L. upper bounds in the mχ–Λ
plane for the axial vector current-current four fermi interaction with quarks. The agreement
found is accurate to within 5%. We briefly discuss this validation procedure and our MC
setup in appendix B, where the LHC likelihood function is also described.
The validity of an EFT approach at a high-energy hadron collider like the LHC has
recently been discussed at length [25–28]. Since rather strong jet pT and ET/ cuts are used
by the collaborations in order to reduce the very large SM backgrounds, the subprocess
centre of mass energy involved is also large. In such a case, if the suppression scale of
the operators Λ (or equivalently the mediator mass in a weakly coupled UV completion)
is comparable to the subprocess COM energy, the mediator particles can be produced on-
shell, and an EFT description breaks down. As an order of magnitude estimate, one can
consider the minimum value of the cut-off scale, in order for the EFT to be valid as [25]
Λ >
√
4m2χ + (ET/ min)
2 , (3.7)
where, for the CMS analysis, ET/ min = 400GeV. For low DM masses, the above requirement
is dominated by the ET/ cut. Comparing this order of magnitude bound to the condition
imposed by us (Λ > 10mχ), we can see that, roughly for mχ > 41GeV, we can safely
use the EFT framework at the LHC when Λ > 10mχ. For 10GeV < mχ < 40GeV, we
find that even if Λ > 10mχ, the expected cross-section after the CMS cuts is so large that
even if the EFT limit is stronger than that given by an UV complete theory including the
mediator particles, one can still exclude these points in the UV theory as well.
4 Relic density: the role of individual operators
The requirement that Ωχh
2 (Thermal) ≤ Ωch2, places important lower bounds on the
operator coefficients gi/Λ and gi/Λ
2. Although all the couplings enter together into the
computation of the thermally averaged annihilation cross-section in the early universe
(〈σv〉F.O.), there are specific regions of the DM mass where some of them play a dominant
role. We illustrate the role of each operator separately in determining Ωχh
2 in figure 1 as
a function of mχ for Λ = 10mχ and the corresponding operator coefficient gi = 1. The
grey shaded region is excluded by the Planck constraint in eq. (3.4) at 95%C.L. (for one
parameter, mχ). For certain values of mχ a very low Ωχh
2 is observed in figure 1. This
essentially implies that for those mχ the requirement on Ωχh
2 can be satisfied even for
very large values of Λ or for very small values of the coupling constants gi. We now briefly
discuss the case for each operator separately.
4.1 Dimension-5 Higgs portal operators
With only the CP-conserving Higgs-portal operator LCPC5 it is possible to satisfy the relic
density requirement in some specific regions. For mχ ∼ Mh/2, the s-channel Higgs ex-
change diagram for DM annihilation to light fermion final states (including upto bottom
– 14 –
J
H
E
P
1
0
(
2
0
1
4
)
1
5
5
101 102 103
mχ (GeV)
10-5
10-4
10-3
10-2
10-1
100
101
Ω
χ
h
2
Λ=10mχ
2σ exclusion (PLANCK)
gPS
gS
gD
gQuarks
gLeptons
Figure 1. The thermal component of the relic abundance Ωχh
2 as a function of the DM mass
mχ, for Λ = 10mχ and one particular coefficient gi = 1, the rest of them being set to zero. The
contribution of each operator is shown separately for illustration only. The grey shaded region is
excluded by the Planck constraint in eq. (3.4) at 95%C.L. (for one parameter, mχ).
quarks) is resonantly enhanced and we find a sharply peaked region in mχ where Ωχh
2 is
below around 0.15. Since the 126GeV SM-like Higgs boson has a very small SM width
(4.21MeV), even on inclusion of an additional invisible width to the DM pair, the Higgs
resonance region is very sharply peaked.
Below the Higgs resonance region, for mχ . 50GeV, the scalar operator alone leads to
very low 〈σv〉F.O., since the s-wave term in 〈σv〉F.O. is suppressed by m2f/M2h (the dominant
mode being annihilation to bb¯), and the p-wave contribution is not sufficiently large. For
the pseudo-scalar operator LCPV5 , the helicity suppression in the s-channel diagram is lifted,
and the s-wave piece in 〈σv〉F.O. is now proportional to m2χ/M2h . Therefore, with LCPV5 , it
is possible to satisfy the relic density criterion even for mχ < 50GeV via annihilation to
light fermion final states, as seen in figure 1.
For mχ & 80GeV the annihilation mode χχ→WW and for mχ & 173GeV, the mode
χχ→ tt¯ open up, leading to the minimum required 〈σv〉F.O.. The first of these annihilation
modes receives contribution only from the dimension-5 Higgs portal operators, while the
latter one also receives contributions from the dimension-6 four-fermion operator. The
s-channel Higgs exchange diagram to the tt¯ final state is not p-wave suppressed for the
scalar operator, since the s-wave contribution proportional to m2t is large enough. With
the operator LCPC5 , it is possible to obtain the required 〈σv〉F.O. for mχ . 200GeV (with
Λ = 10mχ). In the CP-violating case, due to the additional s-wave contributions coming
from all other light fermion annihilation channels, we can have the required 〈σv〉F.O. for
DM masses upto 1TeV.
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4.2 Dimension-6 four-fermion operators
In figure 1 we also see the role of the dimension-6 four-fermion operators (eq. (2.8)) in de-
termining Ωχh
2. The blue dot-dashed line shows the contribution of the leptonic operators
with gLℓ = gRe = 1 for all three fermion generations, while the green dot-dashed line shows
the same for the operators involving the quarks with gLQ = gRu = gRd = 1. For a given
mχ and Λ, the quark operators in general lead to a higher 〈σv〉F.O., and therefore lower
Ωχh
2, mainly because of the additional colour factor in the amplitudes. With the leptonic
operators the required 〈σv〉F.O. can be achieved for mχ . 100GeV, and with the quark
operators for mχ . 180GeV (with Λ = 10mχ).
8
4.3 Dimension-6 Higgs derivative operator
As we have seen in section 2, the dimension-6 operator LHiggs6 (eq. (2.9)) involving the
derivative of the Higgs field leads to the crucial interaction of the DM field with the Z
boson in eq. (2.10). This interaction alone is sufficient to obtain the required annihilation
rate 〈σv〉F.O. in the mass range 10GeV . mχ . 70GeV with Λ = 10mχ as seen in figure 1.
Around Mχ = 45GeV (= MZ/2), there is a resonant enhancement of 〈σv〉F.O.. This
resonance is sufficiently broad compared to the Higgs-resonance described above, owing to
the much larger Z-boson width (2.5GeV).
5 Results: CP-conserving scenario
We discuss the results of the likelihood analysis first in the CP-conserving case, whereby
the operator LCPV5 in eq. (2.4) is dropped. Subsequently we consider the CP-violating case
including LCPV5 . Such a separation of the two cases can be justified by the fact that the
underlying UV completion of the EFT can be a theory where the scalar sector conserves CP.
5.1 Allowed region in mχ–Λ plane
In the EFT analysis including all operators upto dimension-6 simultaneously, the most
important two-dimensional likelihood map is in the mχ–Λ plane. In figure 2 (left panel) we
show the 68% (yellow) and 95%C.L. (blue) allowed regions in the mχ–Λ plane, whereby
the condition Λ > 10mχ has been imposed. For completeness, we also show the 95%C.L.
(grey) allowed region with 2mχ < Λ < 10mχ, although as discussed before, in this region
the validity of the EFT from the point of view of relic abundance and collider physics
computations is questionable. Finally, the region with Λ < 2mχ, where an EFT analysis
cannot be applied, is shown in pink. As mentioned in section 3.1, the two-dimensional
allowed regions are obtained after profiling out rest of the parameters in the EFT, which,
in this case, are the O(1) coefficients gi for the different operators.
8An additional large s-wave contribution to 〈σv〉F.O., and therefore a drop in Ωχh
2, is expected after
the tt¯ annihilation mode opens up. However, this is not visible in figure 1, since for this figure we have set
gLQ = gRu = 1, and therefore only the vector current t¯γ
µt survives, which does not lead to an m2t enhanced
term in 〈σv〉F.O.. When gLQ 6= gRu such a feature is observable due to the additional axial vector current,
see, for e.g., figure 2 (left panel).
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Figure 2. Left panel: 68% (yellow) and 95%C.L. (blue) allowed regions in the mχ–Λ plane with
Λ > 10mχ. For completeness, the 95%C.L. (grey) allowed region with 2mχ < Λ < 10mχ is also
shown, although the validity of the EFT in computing relic abundance and collider observables in
this region is questionable. The EFT description is not valid for Λ < 2mχ, which is shown in pink.
Right panel: allowed parameter space near the Higgs resonance region for Λ > 10TeV.
The shape of the allowed contours is mostly determined by the requirement that
Ωχh
2 (Thermal) < Ωch
2 (Planck) as discussed in detail in the previous subsection. We
now discuss the allowed and ruled out regions of DM mass mχ by dividing them in a few
windows:
• mχ . 30GeV. This region of DM mass is mostly ruled out at 95%C.L. The
dimension-6 four-fermion couplings with leptons are excluded for these low DM
masses by the LEP mono-photon search, while the couplings with quarks are ruled
out by the LHC monojet search. The DM coupling with the Z-boson for this mass
range leads to a considerable Z-boson invisible width, and is therefore constrained by
the LEP measurements. The latter coupling is also constrained by the LEP mono-
photon search. As seen in the previous subsection, the dimension-5 scalar coupling
with the Higgs boson cannot furnish a correct relic abundance in this mass range.
• 30GeV . mχ . 50GeV. The allowed points in this region are dominated by the Z-
resonance in DM annihilation. Since the χχZ coupling is rather weakly constrained
by SD direct detection experiments, and near the Z-resonance the Z invisible width
constraint also becomes weaker, there is a significant area in the mχ–Λ plane which
escapes all current constraints while satisfying the Ωχh
2 requirement. The LEP mono-
photon search also looses its constraining power on LχχZ beyond mχ ≃ 30GeV for
Λ > 10mχ. Since the coupling with the Z-boson does not lead to SI scattering with
nuclei, and the bound on SD scattering rates are much weaker, this is one of the DM
mass ranges hard to probe with current experiments.
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• 50GeV . mχ . 70GeV. Here, the Higgs-resonance in DM pair-annihilation dom-
inates 〈σv〉F.O.. The Higgs resonance region is not completely seen in figure 2 (left
panel), which shows values of Λ only upto 10TeV. We show the Λ > 10TeV re-
gion separately in the right panel of figure 2, in which the resonance region spans
55GeV . mχ . 63GeV. It should be noted that the thermal averaging integral
involved in computing 〈σv〉F.O. fluctuates in the numerical routine used (as imple-
mented in micrOMEGAs), due to which the highest value of Λ allowed (∼ 94TeV) is
subject to some uncertainty. For such high values of Λ, gS/Λ = O(10−5GeV−1),
and the spin-independent scattering rate with nuclei σSIp ∼ 10−12 pb, while the latest
LUX limits can only constrain σSIp ∼ 10−9 pb in this range of mχ. Therefore, this is
another DM mass region which is not completely probed by experiments so far.
• 70GeV . mχ . 250GeV. This allowed region is away from any resonance, and all the
operators contribute to 〈σv〉F.O.. Only values of Λ very close to the allowed minimum
value of 10mχ are seen to be viable. For mχ & mt, as discussed in section 4, there are
additional contributions to 〈σv〉F.O. proportional to m2t , and therefore slightly larger
values of Λ are also allowed.
It is interesting to note that, when the condition Λ > 10mχ is imposed, there is an
upper limit on the allowed value of mχ, mainly coming from the relic density constraint.
For Λ > 10mχ, this upper limit is mχ ≃ 300GeV, while for Λ > 2mχ, it extends upto
mχ ≃ 3TeV, as can be seen in figure 2.
5.2 Future prospects
Having determined the currently allowed parameter space for the CP-conserving scenario
in the mχ–Λ plane in the previous subsection, we now discuss the predictions for future
experiments in this region. We focus on the future direct detection experiments (both
SI and SD), as well as an e+e− collider experiment like the proposed International Linear
Collider (ILC) [60]. In the CP-conserving case, the predictions for DM annihilation rates in
the present Universe, 〈σv〉0, are rather low in our EFT framework (below 10−27 cm3 sec−1),
since most of the operators lead to annihilations which are p-wave suppressed. Therefore,
the reach of future gamma-ray observation experiments is not very high in this case, except
for mχ > mt, where one can obtain a rate as high as 〈σv〉0 ∼ O(10−26) cm3 s−1 due to the
additional s-wave contribution.
In figure 3 (top-left) we show σSIp as a function of mχ as found in the allowed EFT pa-
rameter space. The blue (yellow) shaded region is allowed at 95% (68%)C.L. after profiling
over all the other parameters except mχ with the condition Λ > 10mχ. If the last condition
is relaxed to Λ > 2mχ the additional grey shaded region also survives at 95%C.L. There is
a small difference between the 90% LUX constraint (red solid line) and the 95%C.L. region
obtained in our scan after including the LUX limits, primarily because the astrophysical
parameters related to the DM local density and the DM velocity distribution are kept fixed
in the LUX analysis, while they have been profiled out in our analysis including the errors
as discussed in section 3. The future projections of the XENON-1T [61] (black dashed line)
experiment and the upgrade of the LUX experiment, LZ [62] (blue dashed line) are also
– 18 –
J
H
E
P
1
0
(
2
0
1
4
)
1
5
5
101 102 103
mχ  (GeV)
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
σ
S
I
p
 (p
b)
Profile Likelihood
CP-conserving
Best fit
LUX (2013)
XENON1T (projected)
LZ (projected)
ν coherent scattering
95% C.L. of Λ/mχ >10
95% C.L. of 2<Λ/mχ <10
101 102
mχ  (GeV)
10-3
10-2
10-1
100
101
102
103
104
105
σ
(e
+
e−
→
χ
χ
γ
) (
fb
)
Λ<
√
s
Profile Likelihood
CP-conserving
Best fit
ILC, √s =1000 GeV, 1 ab−1
95% C.L. of Λ/mχ >10
95% C.L. of 2<Λ/mχ <10
101 102 103
mχ  (GeV)
10-6
10-5
10-4
10-3
10-2
σ
S
D
p
 (p
b)
Profile Likelihood
CP-conserving
Best fit
XENON1T (projected)
LZ (projected)
95% C.L. of Λ/mχ >10
95% C.L. of 2<Λ/mχ <10
101 102 103
mχ  (GeV)
10-6
10-5
10-4
10-3
10-2
σ
S
D
n
 (p
b)
Profile Likelihood
CP-conserving
Best fit
XENON100 (2013)
XENON1T (projected)
LZ (projected)
95% C.L. of Λ/mχ >10
95% C.L. of 2<Λ/mχ <10
Figure 3. SI (top-left) and SD (bottom panel) DM-nucleon scattering rates in the currently allowed
EFT parameter space. The colour coding in the shaded regions is the same as in figure 2. Current
limits (LUX, XENON-100) as well as future projections (XENON-1T, LZ) are also shown. The
cross-section for the process e+e− → χχγ is shown in the top-right panel, along with the projection
for the ILC experiment (see text for details).
shown in this figure, and they can be seen to cover upto σSIp ∼ 10−11–10−12 pb. Finally,
the yellow dashed line represents the ultimate sensitivity of the direct detection experi-
ments, beyond which coherent neutrino-nucleon scattering will appear as an irreducible
background [63, 64].9 As we can see, in the Higgs-resonance region, σSIp ∼ 10−12 pb (as
discussed in section 5.1), but for DM masses in which 〈σv〉F.O. is dominated by other op-
9Including directional information may help in reducing the background from neutrino-nucleon scatter-
ing [63].
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erators, lower values of σSIp . 10
−13 pb are allowed, which can even be below the floor of
the neutrino-nucleon coherent scattering background.
Similarly, the SD scattering rates of DM with protons and neutrons are shown in the
bottom left and right panels of figure 3 respectively. The current strongest limit on σSDn
from XENON-100 is shown by the red solid line, while future projections from XENON-1T
(black-dashed) and LZ (pink dot-dashed) are shown for both σSDp and σ
SD
n . Since the spin
expectation value of the neutron group in XENON is much larger than that of the proton
group, the constraints and projections for σSDn are stronger.
In figure 3 (top-right) we show the cross-section for the process e+e− → χχγ at the
currently allowed parameter points of the EFT (at 68% and 95%C.L.). The cross-sections
are shown after nominal selection cuts following the minimum requirements in the LEP
mono-photon search (Eγ > 6GeV and 3.8
◦ . θγ . 176.2
◦), for the e+e− centre of mass
energy of 1TeV. Since the EFT prediction of the cross-sections for Λ <
√
s are not
valid in general, in the pink-shaded region, which corresponds to Λ < 1TeV in this case,
correct predictions can only be made in the UV-complete theory. However, as argued in
section 3.5.2, for lower DM masses, owing to the very large production cross-sections, some
of these points might still be ruled out in the corresponding UV-completion models to
the EFT, by a future 1TeV e+e− collider. The red line represents the expected upper
bound on the signal cross-section in the mono-photon+ET/ process in an e
+e− collider like
the proposed ILC, with the luminosity fixed at 1 ab−1 (for other luminosities, the upper
bound simply scales as
√L). We emphasize that the upper bound shown is just a simple
estimate and only the selection efficiency of the above nominal cuts on the detected photon
is included. After a particular detector design is adopted, the overall efficiencies will be
modified, and the upper bound will be somewhat shifted. Therefore, figure 3 gives us the
order of magnitude expectation of σ(e+e− → χχγ) in the allowed region of the EFT, and
we see that cross-sections in the range of 2 pb to 10−3 fb or lower can be possible. The
upper bounds from future ILC measurements can be around O(fb) and thus can cover
a significant range of the possible cross-sections. It is clear that the resonance regions
(Higgs or Z) may not yield high signal rates, as small couplings suffice to satisfy the relic
abundance requirement.
Finally, we show in figure 4 a combined view of the different possible future constraints,
and the EFT parameter space in the mχ–Λ plane that survives at 95%C.L. after applying
each of them individually. The grey points marked as δχ2 < 5.99 represent the currently
allowed parameter space. We first apply the projections of the XENON-1T experiment for
SI and SD direct detection rates, and the yellow points are found to survive the cuts. The
prospects of the ILC are considered next, whereby we include the expected constraints from
a very precise measurement of the Higgs boson invisible branching ratio and from the mono-
photon+ET/ search. The sensitivity of the Higgs invisible branching ratio determination
is expected to reach 0.7% level in the ZH production mode after including the Z → qq¯
decay channel [65–68]. For the γ+ET/ search in e
+e− collisions, we have taken into account
collisions with
√
s = 250, 500 and 1000GeV, in each case assuming an integrated luminosity
of 1 ab−1. The reason for taking into account all the centre of mass energies is the fact that
for a given
√
s, we can only reliably compute the production cross-sections in an EFT for
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Figure 4. Parameter points in themχ–Λ plane that survive after imposing the projected constraints
from XENON-1T, ILC Higgs invisible width and mono-photon search, and the LZ experiments. The
constraint from each experiment is imposed separately.
Λ >
√
s. Therefore, only by taking into account the three different energies, we can cover
an wide range of values of Λ. The green points remain after imposing the ILC projections,
a large fraction of which are in the Higgs resonance region. However, this region can also
be covered by the projected sensitivity of the LZ experiment, which is applied next, and
the blue points survive the LZ projections of SI and SD scattering rates.
For Λ > 10mχ, the finally surviving points after considering all the future experiments,
are concentrated in two regions. One of them is the Z-resonance region, and the other one
is the region where the DM is heavier than 100GeV. It is interesting to note that if the
ILC can be operated at a centre of mass energy close to the Z-pole (the so-called Giga-Z
option), then a significant part of the remaining points in the Z-resonance region can also
be covered. For 2mχ . Λ . 10mχ, a large number of points survive for mχ & 200GeV,
which cannot be covered by the future experiments considered in our study.
The high-energy run of the LHC at 13TeV, including its upgrade to a high-luminosity
phase, may be able to cover part of the last mentioned region above using the mono-
jet+ET/ channel. However, usually we require strong kinematical cuts at 13TeV LHC in
order to suppress the very large background coming from the Z(→ νν¯)+jets process, which
essentially translates to a requirement of high sub-process centre of mass energies in the
events (of the order of 1TeV or higher). Since Λ in this region also lies in the ballpark of
a TeV, it is difficult to estimate the future LHC reach in this part of the parameter space
within the EFT. A proper estimate can only be made by using suitable simplified models
representing the effective operators (with s- or t-channel mediators between the DM and
the SM sector). Such a study is, however, beyond the scope of the present article.
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Figure 5. Same as figure 2, in the CP-violating scenario, which includes the additional Higgs-portal
operator in eq. (2.4).
6 Results: CP-violating scenario
We now summarize the results in the CP-violating scenario, where one additional operator,
LCPV5 in eq. (2.4) is also included. This additional operator helps enhancing 〈σv〉F.O.
considerably, and therefore opens up a much larger parameter space along themχ direction.
The constraints from SI and SD scattering rates remain the same as in the CP-conserving
scenario, since the DM bilinear χγ5χ vanishes in the non-relativistic limit. We show the
currently allowed parameter space in the mχ–Λ plane in figure 5, with the same colour
coding as in figure 2. We have already seen the impact of LCPV5 in determining Ωχh2
in section 4, where we found that in the entire mass range of 10GeV . mχ . 1TeV
the required 〈σv〉F.O. can be obtained for Λ > 10mχ. However, in the low DM mass
region, mχ . 30GeV, the Higgs invisible width via LCPV5 is larger than that allowed
by current constraints, and therefore, this region remains ruled out in the CP-violating
scenario as well. But beyond the threshold of mχ > Mh/2, no other current constraint on
this operator is strong enough, and therefore a large region of additional parameter space
with 70GeV . mχ . 1TeV opens up. The gamma ray constraints from dwarf spheroidal
observations by Fermi-LAT do play some role in constraining this CP-violating coupling
due to the lifting of the p-wave suppression. We find that in this additional region, not
only does the coupling gPS determine the relic density, a small, but LUX-allowed value of
gS comes into play as well.
Since the predictions for the SI and SD scattering rates are very similar in the CP-
violating scenario, we do not show them separately. For the annihilation rate in the present
universe, due to the lifting of the helicity suppression in the s-wave annihilation ampli-
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Figure 6. Annihilation rate in the present universe, 〈σv〉0 (left panel) and parameter points in
the mχ–Λ plane that survive after imposing the projected constraints from XENON-1T, ILC Higgs
invisible width and mono-photon search, and the LZ experiments (right panel), in the CP-violating
scenario.
tudes to SM fermion pairs, considerably higher values of 〈σv〉0 can be obtained. We show
in figure 6 (left panel) the values of 〈σv〉0 as a function of mχ in the EFT parameter
space. The red solid line represents the future sensitivity of gamma ray observations from
dwarf spheroidal galaxies using the Fermi-LAT (15 years of data taking) and the proposed
GAMMA-400 [69] (10 years of data taking) experiments, in the χχ→W+W− channel, as
estimated in ref. [70]. For mχ < MW , the χχ→ bb¯ channel is relevant, which gives rise to
similar constraints as well. This sensitivity line is only indicative of the future reach, and
will vary depending upon the specific annihilation channel(s) relevant in different parameter
regions of the EFT.
In figure 6 (right panel) we show the surviving parameter points in the CP-violating
scenario, in the mχ–Λ plane. The various constraints imposed in this figure are discussed
in the context of the CP-conserving scenario (section 5.2). In addition to the Z-resonance
region and a much larger bulk region with mχ > 100GeV, an additional set of points in the
Higgs-resonance region also survives all the future experiments considered, since the CP-
violating operator is not constrained by SI scattering rates, which, for the CP-conserving
case, could completely cover the Higgs-resonance part. If indeed a CP-violating operator
exists in the DM sector, it is then imperative to find out other possible experiments which
can probe such a coupling.
7 Summary
To summarize, we studied a standard model singlet Majorana fermion DM candidate in
the framework of an effective field theory, by taking into account the presence of a com-
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plete basis of gauge invariant operators of dimensions 5 and 6 at the same time. The
profile likelihood method was used to determine the currently allowed region of parameter
space at 95%C.L., and the span of different DM related observables as a function of its
mass. Considering an weakly coupled ultra-violet completion for the EFT, we find that
imposing the condition Λ > 10mχ makes the EFT an excellent approximation to possible
UV complete models. For completeness, we have also computed the confidence intervals
in the region 2mχ < Λ < 10mχ. Including the O(1) coefficients in front of each operator
(which can be either of positive or negative sign), the likelihood analysis is performed over
the 8-dimensional parameter space in a CP-conserving scenario, and a 9-dimensional one
once the singlet CP-violating scalar interaction with the Higgs boson is also switched on.
The astrophysical and nuclear physics parameters involved in computing the DM observ-
ables are treated as nuisance parameters, and are profiled out. Constraints from various
experiments are taken into account: relic abundance (as an upper bound) from Planck,
SI scattering rates from LUX, SD ones from XENON100 and IceCube, gamma-ray con-
straints from Fermi-LAT, Z-invisible width and mono-photon limits from LEP and Higgs
invisible branching ratio and mono-jet limits from the 8TeV LHC. For future projections,
we consider the capabilities of XENON1T, LZ, ILC, Fermi-LAT and GAMMA-400. This
study, to our knowledge, constitutes the first comprehensive analysis of a singlet Majorana
fermion DM in an EFT.
The primary results in the CP-conserving case can be summed up as follows. A DM
of mass mχ < 30GeV looks disfavoured when all constraints are put together. Primarily
because of the upper bound on the thermal component of the relic density, we also have
an upper bound on the DM mass, mχ . 300GeV is allowed if Λ > 10mχ. This is relaxed
to mχ . 3TeV if Λ > 2mχ. If the DM mass is close to half the Z-boson mass or half
the Higgs boson mass, the allowed values of Λ are very high, especially in the latter case,
where it can go upto O(100TeV). For mχ > 70GeV, only values of Λ very close to 10mχ
are allowed, and a little more area opens up when the DM mass crosses the top-quark
threshold.
Among the presently allowed parameter region, surprisingly enough, it seems viable
that the Higgs resonance region will be completely covered by the combined efforts of
future ton-scale direct detection experiments like XENON1T and LUX, as well as the
measurement of the Higgs invisible branching ratio at the proposed International Linear
Collider. The main difference between the Higgs and Z-resonance regions is that the former
leads to SI scattering rates, while the latter to SD ones. Therefore, the direct detection
experiments will probably not be able to cover whole of the Z-resonance region with their
currently projected sensitivities. Here also, the ILC can play a major role, when we use the
mono-photon search channel for DM pair-production. For DM heavier than the top mass,
where the four-fermion operators play a major role, there is a large set of allowed points
if 2mχ < Λ < 10mχ. If the couplings to quarks are flavour universal, the high energy and
high luminosity LHC runs should have an impact here. However, it is difficult to judge it
within an EFT, especially if only the weak condition Λ > 2mχ holds. We leave a detailed
study of such a region within realistic simplified models with s- and t-channel mediator
exchange for a future work.
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If the CP-violating operator is present, the allowed parameter region is larger, since
DM pair annihilation to light quarks are no longer p-wave suppressed and contribute to
Ωχh
2 (Thermal). DM masses of upto about 1TeV now become viable even with Λ > 10mχ.
The same reason also gives us a hope of testing at least part of the parameter space using
gamma-ray observations from DM annihilation to quarks and leptons. We presented some
estimates of this indirect detection capability, and further detailed studies are necessary
here as well. It also seems necessary to pursue new avenues to probe the CP-violating
coupling itself, since it is not testable using low-energy scattering experiments with nuclei.
A The direct detection likelihood
As discussed in section 3.3, the LUX collaboration obtained the bounds on σSIp by fixing
the astrophysical inputs to specific values and by taking the velocity distribution of DM
to be a truncated Maxwellian [31]. Since we use the DM phases-space density computed
in ref. [47] along with its 2σ error bars, we first rescale the LUX bounds accordingly. For
calculating the time-averaged number of events we adopted the Helm form factor [71] for
σSIp as used by LUX, together with the energy resolution function and efficiency factors for
the LUX detector [31]. In the following, the rescaled values of the LUX 90%C.L. bounds
as a function of the DM mass are denoted by σSIp,90%. A similar approach is applied to
rescale the XENON100 [32] bounds on σSDn as well, with the corresponding form factors
relevant for SD scattering [72].
In constructing the likelihood, the nuclear physics inputs discussed in section 3.3,
namely fTs and ΣπN for σ
SI
p , and ∆q
n,p for σSDn , are treated as nuisance parameters.
Together with the rescaled 90%C.L. limit from LUX for σSIp and from XENON100 for σ
SD
n
we construct the likelihood functions as follows [73, 74]:
LLUX ∝ exp
[
− 1
2
(σSIp − 0.0)2
(σSIp,90%/1.64)
2 + δ2sys.
]
, (A.1)
LX100 ∝ e
−(s+b′)(s+ b′)o
o!
exp
[
− (b
′ − b)2
2σ2b
]
. (A.2)
In eq. (A.1), we assume zero signal events and hence set the central value of σSIp to zero. The
1σ error is taken as σSIp,90%/1.64. The blue shaded band in figure 5 of the LUX published
results [31] gives us an estimate of the systematic uncertainty, δsys.. The theoretical error
from nuclear matrix elements enters the computation of σSIp . For the XENON100 likelihood
in eq. (A.2), the expected number of background events is taken as b = 1.0± 0.2, and the
number of observed events is o = 2 as reported in the XENON100 (2012) data [32].
B Monojet+ET/ search at the LHC
In the CMS search for monojet+ET/ with the 8TeV LHC data, the primary selection
criterion used are [38]:
1. At least one jet j1 within a pseudo rapidity of |η| < 2.4, and transverse momentum
pT > 110GeV.
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Figure 7. Comparison of our MC simulation and CMS results for the 95%C.L. upper bound in
the mχ–Λ plane using the monojet+ET/ channel, for an axial-vector DM-quark interaction (see text
for details).
2. The optimized value of ET/ as determined by the CMS collaboration: ET/ > 400GeV.
3. A second hadronic jet j2 is allowed if its azimuthal separation from the highest pT
jet satisfies: ∆φ(j1j2) < 2.5. Since in the major background process of QCD dijets,
the jets are produced back to back in the transverse plane, this angular require-
ment, together with the demand for a large ET/ , helps in reducing this background
considerably.
4. An event with a third additional jet with pT > 30GeV and |η| < 4.5 is discarded, as
are events with isolated charged leptons.
As discussed in section 3.6.2, we performed the MC simulation for the above search
for each point in our EFT parameter space. In order to validate our MC, we first compare
the bounds obtained for a Dirac fermion DM with an axial vector interaction with quarks,
(χγµγ
5χ)(qγµγ5q), with the CMS results, and find agreement to better than 5%. The
MC simulation framework used by us follows the FeynRules-MadGraph5-Pythia6 [75]-
Delphes2 [76] chain, with the jets reconstructed using the anti-kT algorithm [77] as im-
plemented in FastJet2 [78, 79], with a cone size of R = 0.4. We used the CTEQ6L1 [80, 81]
parton distribution functions with the factorization and renormalization scales set at the
default dynamical scale choice of MadGraph5. The comparison of our simulation with the
CMS results is shown in figure 7.
The likelihood function for the LHC monojet search can be expressed as follows
L(Nobs|b+ s) ∝ max
b′={0,∞}
e−(s+b
′)(s+ b′)Nobs
Nobs!
exp
[
− (b
′ − b)2
2σ2b
]
, (B.1)
where, b is the expected number of background events, s is the expected number of signal
events for a given parameter point and Nobs represents the number of events observed by
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CMS after employing the kinematic selection criterion described above. The systematic
uncertainty is taken into account by convoluting the Poission likelihood function with a
Gaussian with mean b (which is treated as a nuisance parameter and profiled out) and
variance σb.
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